Raman spectroscopy can provide unique information on the evolution of structure in proteins over a wide range of time scales; the picosecond to millisecond range can be accessed with pump-probe techniques. Specific parts of the molecule are interrogated by tuning the probe laser to a resonant electronic transition, including the UV transitions of aromatic residues and of the peptide bond. Advances in laser technology have enabled the characterization of transient species at an unprecedented level of structural detail. Applications to protein unfolding and allostery are reviewed.
Introduction
The dynamics of protein conformation change are of great current interest. The focus of this review is on the investigation of protein dynamics with UV resonance Raman (UVRR) spectroscopy (see [1] [2] [3] for reviews of the technique). Transient structures can be generated on short time scales, using laser pulses to perturb the protein via photochemistry or temperature jumps (T jumps). Among the optical techniques that can monitor these transients, including absorption or emission of light in the UV/visible or infrared region, Raman scattering is unique in its structural information content. The molecular vibrations represented in the Raman spectrum are sensitive to conformation and to non-covalent interactions. Additionally, resonance enhancement can select out vibrations arising from different structural elements of the protein. When the Raman laser is tuned to an electronic transition, signals are amplified for vibrations of the chemical groups on which the electronic transition is localized. Figure 1 illustrates the dramatic changes in the Raman spectrum of hemoglobin (Hb) as the laser wavelength is tuned from 419 nm, where the heme pros-thetic group absorbs, to 229 nm, where the aromatic residues tyrosine (Tyr) and tryptophan (Trp) dominate, to 197 nm, where the amide backbone and phenylalanine (Phe) residues are dominant contributors. Wavelength tuning provides Raman spectroscopy with both sensitivity and structural selectivity.
Protein unfolding
With deep UV excitation, RR spectroscopy becomes a powerful tool for protein folding studies, via enhancement of the amide vibrations of the polypeptide backbone [4-6,7 ,8,9 ,10 ,11-13,14 ,15 ,16-21] . Fast unfolding and refolding processes can be initiated by a laser induced T jump [4,22 ,23-26] . Asher and coworkers were the first to apply UVRR spectroscopy to laser T jump transients of a polypeptide [4] .
The enhanced RR bands [5, 6] include amide I ($1650 cm À1 ), which is primarily C O stretching in character, amide S ($1380 cm À1 ), which involves bending of the C a -H bond, and amide II ($1580 cm À1 ) and III ($1250 cm À1 ), which are mixtures of C-N stretching and N-H bending coordinates; amide III and S also contain significant C-C stretching and C-H bending character, and are therefore particularly sensitive to local conformation of the amide links [7 ,8] . Thus, Mikhonin et al. [9 ] were able to establish a correlation between the amide III band position and the Ramachandran C angle, using a set of defined peptide structures. Aside from its greater sensitivity (protein concentrations of $10 mM are suitable for study), UVRR spectroscopy has the particular advantage over IR spectroscopy that the amide III region is accessible, whereas IR spectroscopy is limited to the amide I region, owing to overlap with sidechain vibrations and absorption by solvent H 2 O (or D 2 O). Secondary structure can be monitored via the intensities of resolved UVRR components of the amide III and S spectral envelopes, or by least squares fitting, over all four amide regions, with secondary structure spectra determined from crystallographically characterized protein sets [7 ,8] .
T jump/UVRR studies have provided fresh insight into the mechanism of helix melting [4,10 ,11] and in particular on the issue of activation energy. In T jump/UVRR spectroscopy, an infrared laser pulse, tuned to a vibrational overtone absorption band of H 2 O or D 2 O rapidly heats an aqueous sample, thereby perturbing the structure of dissolved protein. The subsequent evolution of this structure is monitored by a UV probe pulse to obtain the UVRR spectrum. The temperature coefficients of the measured melting rates were small, in contrast to the substantial coefficients reported from T jump/FTIR studies [10 and references therein]. However, a prompt melting signal, too fast to resolve (<40 ns) had a large temperature coefficient, indicating that a fast enthalpic phase preceded the subsequent ($100-200 ns for short a-helical peptides) entropic phase. These two phases were suggested to involve initial inter-residue H-bond breaking and subsequent melting via bond rotation [10 ] . The FTIR response, relying on amide I, is more temperature sensitive because it is weighted toward H-bond breaking, since the C O vibrators are coupled by the inter-residue H bonds. The UVRR response, being more local in character, is able to distinguish the two steps in the mechanism. Additional complexity is revealed when different regions of the peptide are separately monitored using isotopic labels to shift the amide frequencies. Mikhonin et al. found different temperature dependencies of the melting rate for the middle and end peptide bonds, an effect they attributed to incursion of 3 10 helix and p-bulge structures toward the ends of the helical peptide [11] .
UVRR spectroscopy revealed two melting phases, with T m = 10 and 42 8C, for the nic-GCN4 structure, in which two a-helical peptides are coiled around each other [ Figure 2 ] [12, 27] . Quite different time constants, 0.2 and 15 ms, were obtained for T jumps in the two phases. The shorter time is similar to that of short a-helical pep-tides and was attributed to hydrated regions of the coiledcoil, while the much slower time was attributed to interior, unhydrated regions [12] .
Complex behavior was also found for poly-lysine, a model system for a helix/b sheet conversion in proteins. At high pH and temperature (>30 8C) poly-lysine exhibits this transition, which is slow (minutes) and irreversible. A T jump through the transition temperature yielded a 0.25 ms melting time constant, as expected for hydrated a helix. However, only $2% of the helix content was lost, out to the 3 ms time limit of the experiment, consistent with irreversible b sheet formation from a small melted population, well below the true helix melting temperature [13] . In addition, a prompt spectral change suggested a shift in melted structures from the PPII (poly-proline II-like) to a b-strand conformation. A mechanism was proposed in which H bonding between b-strand conformations nucleates the formation of b sheet.
UVRR spectroscopy is also useful in characterizing slow protein conformation changes. Lednev and Shashilov have evaluated the mechanism of lysozyme fibril formation by applying 2D correlation techniques to UVRR data obtained over many hours as the protein slowly forms fibrillar b sheets [14 ] . (a) Transition diagram for Raman scattering (n 0 is the laser frequency, and n s is the scattered frequency; n v is the frequency of a vibrational transition). When the laser wavelength is tuned to resonance with an electronic transition (S 0 -S 1 ), the Raman intensity is enhanced for chromophore vibrations. (b) Absorption spectrum of HbCO, highlighting the heme, aromatic residue, and amide absorption bands. (c) Laser excitation within these bands yields RR spectra dominated by the respective chromophores.
Globular proteins have also been studied with the T jump/UVRR methodology. Apomyoglobin exhibits helix melting in the tens of microseconds regime, and the rate increases as the pH is lowered from 5.5 to 4.0, consistent with destabilization of the AGH helical core of the protein via protonation of a pair of buried histidines (Figure 3) . Relaxation of the Trp response was twice as fast as helix melting at pH 4.0, suggesting initial displacement of the A helix, which contains one of the two Trp residues [15 ] .
UVRR analysis of cytochrome c unexpectedly showed initiation of b sheet formation, at the expense first of turns and then of helices as the protein is heated at pH 3 (Figure 4b ). The process is reversible, provided the protein concentration is kept below 100 mM, and a b sheet rise time of 2.2 ms is observed, following a T jump [16] . Coincident with b sheet formation, peroxidase activity is induced, and the heme converts to a high-spin state. The mechanism was proposed to involve extension of a short b sheet segment that flanks the '40 s V loop' in the native structure (Figure 4a ) into the loop itself, when an anchoring H bond (His26-Pro44) is disrupted by heating at pH 3. Residues on either end of the 40 s V loop, Thr49 and Trp59, form H bonds to the heme propionate substituents, which could exert force on the heme, leading to displacement of the endogenous heme ligand, Met 80, and allowing access to peroxide, when the loop conformation is altered. This process may play a physiological role in apoptosis, since binding to cardiolipin induces peroxidase activity in cytochrome c, producing cardiolipin hydroperoxides that are required for release of pro-apoptotic factors [16] . (a) Pump-probe 197 nm UVRR difference spectra of nic-GCN4 (nicotinamide derivative of a GCN4 model peptide, nic-GCN4-p23 0 ), at the indicated time delays following a 10-38 8C T jump, showing the evolution of the amide bands (a, a helix, U, unordered, NA, nicotinamide). (b) Ribbon diagram of the GCN4-p1 coiled-coil dimer [27] . (c) Time course of the 1246 cm À1 peak intensity (DI/DI eqlm , intensity change relative to difference in equilibrium intensity between initial and final temperatures) associated with the unordered structure following a 4-32 8C (t 1 = 225 ns) or 10-38 8C (t 2 = 15 ms) T jump. The two time constants are assigned to the melting of hydrated and unhydrated helical regions.
Allostery
Allosteric proteins change their shape and thereby modify function in response to a signal, such as light absorption, or binding of ions or molecules. Since changes in secondary structure are often minimal, the amide vibrational modes might not offer useful probes, for either IR or UVRR spectroscopy. However, aromatic residue UVRR signals can monitor tertiary changes, particularly since they are sensitive to solvent exposure. Also Tyr and Trp signals, which are selectively enhanced via excitation near 230 nm, can monitor the status of tertiary H bonds.
Thus, Mathies and co-workers applied picosecond pump-probe UVRR spectroscopy to the visual pigment, rhodopsin, finding a prompt Trp signal and a slightly delayed ($5 ps) Tyr signal [28 ] . These were attributed to the sidechain of Trp265 moving away from a stacking contact with the b-ionone ring of the isomerizing retinal chromophore, and subsequent movement of Tyr268 away from the C 10 -C 12 region. These observations suggest that activation of rhodopsin occurs via steric contacts that push retinal away from helix 6, on which Trp265 and Tyr268 reside, and toward helix 3, on the opposite side, as a result of photo-induced isomerization.
In another study of a photo-activated protein, Chen and Barry applied UVRR spectroscopy to photosystem II, using spatially separated pump (325 nm) and probe (229 or 244 nm) cw lasers focused on a flowing jet of sample [29] . The pump-probe difference spectrum showed bands whose frequencies suggested intermediates involving reduced quinones and tyrosine radicals. (a) Ribbon diagram for the cytochrome c structure. A short b sheet flanking the 40 s V loop (orange) is suggested to extend into the loop itself, when the H26Á Á ÁP44 H bond is weakened at pH 3, accounting for the temperature-induced conversion of turn and helix content into b sheet, (b) Temperature profiles were obtained by least squares fitting of the UVRR amide regions to standard secondary structure spectra [16] .
Extensive studies of Hb, the paradigmatic allosteric protein, have been carried out with 20 ns UV probe pulses, electronically delayed from 20 ns visible wavelength pump pulses to photolyze the CO adduct, HbCO, yielding a transient deoxy-heme photoproduct in the R quaternary state, which then relaxes to the equilibrium T state, before bimolecular recombination of the CO to regenerate HbCO [30 ] . The Tyr and Trp signals (Figure 5a ) have been assigned by isotopic substitution [31] and reveal a sequence of structural changes en route to the T state.
In the submicrosecond regime the UVRR spectra reflect intra-subunit tertiary motions. The first of these ($0.07 ms) has been attributed to a concerted rotation of the proximal F and distal E helices, which hold the heme in a 'clamshell' [30 ] (Figure 5b) . Deligation converts the heme to a high-spin state, driving the Fe atom out of the heme plane and exerting downward force on the F helix, while departure of the ligand from the binding pocket permits collapse of the E helix toward the heme. This motion is signaled by negative UVRR signals from both Trp and Tyr, owing to the breaking of tertiary H bonds between the A and E helices on the one hand, and the F and G helices on the other (Figure 5b) . A similar clamshell rotation can be seen in myoglobin (Mb), when high-resolution crystal structures of deoxyMb and MbCO are compared [32] , and has been detected dynamically in a picosecond pump-probe UVRR study of Mb [33 ] . A QM/MM computational study has confirmed that the EF helix clamshell rotation is a consequence of heme deligation in Mb [34] . In Hb, the clamshell rotation is followed by motion of the A and G helices to re-form the interhelical H bonds, as signaled by disappearance of the negative signals before ($0.7 ms) the formation of quaternary contacts [30 ] . This motion may initiate the quaternary rotation via electrostatic forces at the N-termini and C-termini, which form salt bridges in the T structure.
The T quaternary contacts at the crucial a 1 b 2 subunit interface ( Figure 5b) are formed in the microsecond regime. First ($2 ms) the subunits rotate into position to form the 'hinge' contacts between the b subunit C helix and the a subunit FG corner, as signaled by H-bond formation from Trpb37. Later ($20 ms) the 'switch' contacts between the a subunit C helix and the b subunit FG corner close, as signaled by H-bond formation from Tyra42. Friedman and co-workers have shown that these processes can be monitored on a much slower time scale by encapsulating Hb in sol-gel matrices [35, 36] .
Recent results with site mutants add interesting dimensions to this picture. Thus, elimination of the AÁ Á ÁE interhelical H bonds, via hydrophobic substitutions of the Hbond acceptors, has no effect on ligand affinity or cooperativity but accelerates 'hinge' contact formation by 10-fold, while decelerating 'switch' contact formation by 2-fold [37] . Evidently, the energy barriers for intermediate formation are modulated by the inter-helical H bonds, although the energy difference between initial and final states remains unaltered. Remarkably the same rate effects are seen if the H bond is eliminated in either the a or the b subunits, or in both. This observation suggests tight coupling between the internal motions across the a 1 b 1 dimer interface, consistent with other evidence for cooperativity within ab dimers in Hb tetramers [38, 39] . Elimination of the FÁ Á ÁG inter-helical H bonds has more complex effects, but again these are similar for H bond elimination in either the a or the b subunits, or in both, providing further evidence for intra-dimer coupling [40] .
Conclusions
Because of its sensitivity and structural selectivity, UVRR spectroscopy can provide unique insight into protein dynamics. When the dynamics involve changes in tertiary contacts, primarily, as in allosteric transitions, selective excitation ($230 nm) of Trp and Tyr residues can monitor details of the pathway. Applications to Hb, rhodopsin, and photosystem II illustrate the potential of the technique. When secondary structure changes occur, as in protein folding, these can be elucidated via excitation ($200 nm) of the amide backbone. The most promising applications may be to functionally relevant local unfolding events, as exemplified by the reversible bsheet-associated peroxidase induction discovered recently for cytochrome c [16] . Interest in such applications is continuing to drive the development of new instrumentation [41] .
